Objectives: This study aimed to assess the prevalence of methicillin-resistant Staphylococcus aureus (MRSA) in animals and humans on veal, dairy, beef and broiler farms and to compare the risk for human MRSA carriage with that of strictly horticulture farmers. The genetic background, resistance phenotypes and genotypes and toxin gene content of the isolated MRSA strains were compared with MRSA collected on MRSA clonal complex (CC)398-positive pig farms.
Introduction
The epidemiological history of methicillin-resistant Staphylococcus aureus (MRSA) has been reshaped by the detection of livestockassociated (LA) MRSA. It has not only been detected in pigs and pig farmers worldwide, 1 -3 but also in veal calves and veal calf farmers, 4 poultry 5 and dairy cows with mastitis. 6, 7 In Europe, LA-MRSA mainly belongs to clonal complex (CC)398. So far, studies on the virulence and antimicrobial resistance properties of LA-MRSA CC398 have mainly focused on isolates from pigs 3, 8 or bovine mastitis, 7 while such data are scarce for isolates from other livestock sectors. 9 Moreover, due to different sampling and isolation protocols, LA-MRSA prevalence data reported from different countries and different production sectors are difficult to compare.
In Belgium, LA-MRSA CC398 has been detected in pigs, 2 pig farmers, 10 poultry 5 and bovine mastitis, 6 while data on healthy MRSA carriage are lacking for veal calves, dairy and beef cattle. Moreover, it is currently unclear whether the MRSA CC398 strains previously described in poultry 5 or bovine mastitis 6 originated from mixed farms, i.e. farms raising more than one animal species. Indeed, on such farms, which frequently occur in Belgium, the presence of LA-MRSA CC398 might have been related to other reservoirs on the farm.
Recently, MRSA with a divergent mecA homologue, mecC, 11 has been detected in animals 12, 13 and humans. 12, 14, 15 So far, the prevalence of mecC-carrying MRSA strains in animal reservoirs and in livestock farmers remains unknown.
The present study aimed to systemically investigate the prevalence of MRSA carriage in animals and humans on veal, dairy, beef and poultry farms; to compare the risk for MRSA carriage in veal, dairy, beef and poultry farmers with that in farmers working on strictly horticulture farms; and to investigate the occupational risk factors for human MRSA carriage. Furthermore, the genetic background, antimicrobial resistance phenotypes and genotypes and toxin gene content of the isolated MRSA strains were determined and compared with those of MRSA collected on pig farms previously shown positive for MRSA CC398. 2 
Materials and methods

Study population and specimen collection
Farms were visited between August 2009 and May 2011. The pig farms (n ¼10) were selected based on the presence of MRSA CC398-positive pigs, as determined previously. 2 Veal calf (n¼20), dairy (n¼10), beef (n ¼10) and broiler (n ¼20) farms were randomly selected from the national database of the Belgian Federal Agency for the Safety of the Food Chain (FASFC), with the inclusion criterion of raising only one animal species. Only poultry farms with a minimum production capacity of 10000 animals were eligible to participate. Two veal farms raised rosé veal calves and 18 raised white veal calves.
On pig farms, nasal swabs were collected from 10 pigs of each production group (sows, piglets and fattening pigs) present. On veal, dairy and beef farms, nasal samples were collected from 10 animals evenly distributed over the farm. Dairy and beef cows had a minimum age of 2 years. Per broiler farm, 40 chickens from one flock were consecutively sampled in the nasal cavity and cloaca. Nasal swabs were collected from 149 farmers and family members, originating from pig (n¼25), veal (n¼45), dairy (n ¼22), beef (n¼21) and broiler (n¼36) farms, and from a control group of 42 farmers and family members working and/ or living on 22 strictly horticulture farms, randomly selected from the FASFC database, where no animals were raised, but that grew cereal, fruit and/or vegetables. All participants completed a questionnaire (demographic data, previous contact with healthcare, exposure to animals, farm activities and intensity of animal contact). Below, persons that worked on the farm are referred to as farmers; others are referred to as family members.
This study was approved by the Medical Ethics Commission of the ULB-Erasme Hospital in Brussels (reference P2009/065); all participants signed an informed consent form.
Isolation and identification of MRSA
Nasal swabs were placed into Amies transport medium (Copan, Italy) and processed individually within 8 h, except for broiler swabs, which were pooled per eight (five pools/farm). The isolation of MRSA, DNA extraction and MRSA identification were performed as described previously. 10, 16 An additional PCR for mecC was performed for all mecAnegative isolates. 15 
Molecular characterization of MRSA
All strains were spa typed and grouped into spa CCs using the Ridom StaphType software (www.ridom.de/staphtype/) as described previously. 16 SCCmec typing was performed using multiplex PCR assays as described previously. 16 SCCmec V(5C2) was distinguished from V(5C2&5)c by detection of czrC, being located in joining region 1 of SCCmec V(5C2&5)c. 17 For every combination of spa type and SCCmec type detected in humans (n ¼8), multilocus sequence typing (MLST) was performed as described previously. 16 For animal-derived MRSA, MLST was performed for every spa-SCCmec combination per farm type (pigs, n ¼5; veal calves, n¼8; dairy cows, n¼1; beef cows, n ¼2; and broilers, n¼1).
Antimicrobial susceptibility testing
All animal-and human-derived MRSA strains were tested for their susceptibility to 16 antimicrobials (gentamicin, 40 mg; tobramycin, 40 mg; kanamycin, 100 mg; spectinomycin, 200 mg; erythromycin, 78 mg; clindamycin, 25 mg; ciprofloxacin, 10 mg; tetracycline, 80 mg; trimethoprim, 5.2 mg; co-trimoxazole, 5.2+240 mg; rifampicin, 30 mg; chloramphenicol, 60 mg; mupirocin, 10 mg; linezolid, 30 mg; fusidic acid, 100 mg; and quinupristin/dalfopristin, 15 mg) by disc diffusion using Rosco Neosensitabs (Rosco diagnostics, Denmark). Inoculum preparation, inoculation and incubation were done as recommended by the CLSI. 18 The interpretation of zone diameters for animal-and human-derived MRSA strains followed the guidelines provided by Rosco (www.rosco.dk) for staphylococci isolated from humans. S. aureus strain ATCC 25923 was included as a quality control.
Determination of resistance genes
Resistance genes for tetracycline [tet(M), tet(K) and tet(L)], macrolides and/or lincosamides [erm(A), erm(B), erm(C), erm(T), msr(A) and
and trimethoprim (dfrK) were determined by PCR for isolates showing the corresponding resistance phenotype. 7, 16 The presence of czrC, encoding cadmium and zinc resistance, was determined for all MRSA with SCCmec V using previously designed primers 17 and a PCR program consisting of initial denaturation at 948C for 15 min, 30 cycles of denaturation at 948C for 1 min, annealing at 508C for 1 min 30 s and primer extension at 728C for 1 min 30 s, and then a final extension step for 10 min at 728C.
Toxin gene profile
The presence of lukS-lukF PV and tst, encoding the Panton-Valentine leucocidin (PVL) toxin and the toxic shock syndrome toxin 1 (TSST-1), respectively, and of the enterotoxin-encoding genes sea, seb, sec, sed and see was tested by PCR for all strains. 16, 19 
Statistical analysis
Multilevel random-effects logistic regression models, taking into account the clustering of persons per farm, were used to evaluate the risk factors for human LA-MRSA CC398 carriage.
A univariate model was first used to evaluate the risk for human MRSA CC398 carriage on veal, dairy, beef and poultry farms (presence or absence of MRSA CC398 as a binary outcome). Persons on horticulture farms served as the control group.
Second, to determine the specific risk factors for MRSA CC398 carriage related to occupational behaviour, a subsequent analysis was limited to farms with high MRSA prevalence rates. Variables with a P value ,0.2 were withheld from the univariate into the multivariate regression model, in a stepwise forward manner.
An antimicrobial resistance index (ARI) was determined for every pig and veal herd using the formula: ARI¼y/(n×x), where y, the numerator, is the number of resistances detected and the denominator is the number Vandendriessche et al.
of isolates tested per herd (n) multiplied by the number of antimicrobial drugs tested (x), i.e. 16 for every isolate. 20 Resistance to each of the 16 compounds was counted individually, regardless of the antimicrobial class or the type of resistance gene present. The Mann-Whitney U-test was used to demonstrate differences between herd types based on ARI values.
For the final interpretation, outcomes with a P value ≤0.05 were considered statistically significant. Statistical analyses were performed using STATA (Statistical Software: Release 10).
Results and discussion
Prevalence of MRSA carriage on livestock farms MRSA prevalence rates in humans and animals are displayed per farm type in Table 1 . Overall, 303 MRSA were isolated from animals and 41 from humans. Thirty-six of 138 (26%) farmers and 5 of 53 (9%) family members carried MRSA; the latter included 3 persons from different pig farms and 2 from one veal farm. It must first be stressed that, due to selection bias, the observed prevalence on pig farms is not representative for the Belgian pig farming sector. The data obtained in a previous cross-sectional survey on Belgian pig farms (44% and 38% of the pigs and pig farmers were MRSA positive, respectively) 2, 10 are more accurate. The MRSA prevalence in the Belgian veal sector (64% of calves and 72% of farmers) was much higher than that found in the Netherlands (28% of calves and 33% of farmers), 4 which could be partly due to a lower proportion of white veal calf farms in the Dutch study sample collection. Nevertheless, in agreement with our results, MRSA prevalence was also higher on Dutch veal farms than on pig farms. In France, only 6.5% of veal calves tested MRSA CC398 positive at slaughter and it was suggested that even this was an overestimation, due to possible strain transmission during transport or inside the slaughterhouse. 21 
Genotype distribution of MRSA isolates
Based on their spa type, nearly all (98%) MRSA were assigned to CC398 and this was confirmed by MLST for selected isolates. The majority had spa types t011 (86%) or t034 (7%) and carried SCCmec IV(2B) (40%), V(5C2&5)c (26%), IV(2B&5) (12%), V(5C2) (12%) or NT (9%) ( Table 1) . Two MRSA from veal calves were assigned to ST97-t1730-V(5C2). Of 123 MRSA with SCCmec V, 85 (69%) harboured czrC.
Three (1%) mecC-carrying MRSA were detected: MRSA CC130-ST130-t1736 (n ¼ 2) in beef and MRSA CC599-ST2508-t9925 (n ¼ 1) in dairy cattle. mecC-carrying MRSA ST130 have been detected in humans 12, 14, 15 and in animals. 12,13 MRSA ST599 and ST2179, both of which are single-locus variants of ST2508, have been found as mecC-carrying MRSA in humans in Germany 13 and the UK, 22 respectively. While no mecC-carrying MRSA was found in farmers or family members, clinical human infections by mecCcarrying MRSA have been detected in Belgium (O. Denis, unpublished results), suggesting that mecC-carrying MRSA strains might also circulate among humans. Overall, our data illustrate that this situation requires further investigation using a larger study population.
Risk factors for human MRSA CC398 carriage
The risk for MRSA CC398 carriage was significantly higher for humans on veal calf farms compared with for humans on horticulture farms (OR ¼ 591, 95% CI 5.1-69 112.7, P ¼ 0.009); no significant difference was observed for humans on dairy, beef and broiler farms compared with those on horticulture farms.
Subsequent analysis was performed for veal and pig farms, the latter of which have been identified as a high-risk sector previously. 2, 10 Univariate analysis showed working on the farm, intensity of animal contact, prevalence of animal MRSA carriage, absence of dogs and presence of cats as potential risk factors (Table S1 , available as Supplementary data at JAC Online). Multivariate analysis identified two significant risk factors for human MRSA carriage: working with pigs/veal calves on a daily basis versus entering stables less than once per week (OR¼ 24.4, 95% CI 2.2 -265.1) and, of note and in contrast with our earlier findings, 10 absence of dogs versus presence of dogs (OR 1.9, 95% CI 1.5-234.0).
Although the prevalence of MRSA-colonized animals on a farm was not significant in our multivariate model, previous studies using a larger study population have identified this factor as being significant. 4, 10 As such, the large proportion of MRSA-colonized veal calves on individual farms probably helps to explain the high carriage rate observed in veal calf farmers.
Antimicrobial resistance profiles and genes
The resistance rates and genes of all MRSA CC398 are shown in Table 2 . All strains were susceptible to rifampicin, mupirocin, linezolid, fusidic acid and co-trimoxazole. The non-CC398 strains harbouring mecC were the only MRSA strains susceptible to all agents tested, including tetracycline. All MRSA CC398 strains were resistant to tetracycline due to tet(M) alone or in combination with tet(L) and/or tet(K), nearly all strains were resistant to trimethoprim and resistance to macrolides and/or lincosamides and aminoglycosides was frequently detected. The median ARI value of veal herds (0.44) was significantly higher than the median ARI value for pig herds (0.25) (P¼0.007). MRSA from veal calves were thus significantly more resistant to antimicrobials than MRSA from pigs. This result is consistent with the higher antimicrobial usage in veal calves compared with in pig production in Belgium: on average, 414 white veal calves per 1000 are treated with one animal daily dose of antimicrobial drugs per day (group treatment), while this indicator is 236 for fattening pigs. 23, 24 On most farms, MRSA from animals and humans had identical spa and SCCmec types and identical or highly similar antimicrobial resistance phenotypes and genotypes. This strongly suggests local transmission of MRSA between humans and animals within farms. Similar observations have been made in other studies. 25, 26 Clinicians should be aware of the risks this holds, especially concerning the empirical treatment of soft tissue infections in farm-exposed patients. Indeed, it has been shown that MRSA carriers can become infected with their own strain. 27 Different types of human infections due to LA-MRSA CC398 have been reported, ranging from mild skin and soft tissue infection (SSTI) to more severe invasive infections. 1 Due to the multiresistance phenotype of MRSA CC398, which appears to be especially pronounced in MRSA from veal farms, the treatment options for associated infections are limited. For example, treatment with clindamycin or doxycycline, both of which are proposed as oral treatment options for mild-to-moderate localized SSTI in humans, 28 is not an effective 
MRSA harbouring mecC are displayed in bold. The presence of SCCmec XI(8E) was deduced from the presence of the novel mecC gene, which has been found integrated into SCCmec XI(8E).
12 a Three family members carried MRSA CC398-t011-IV(2B), CC398-t011-NT and CC398-t011-V(5C2&5)c, respectively. b Two family members carried MRSA CC398-t011-IV(2B) and CC398-t011-NT, respectively. c Detected in two beef cows from the same farm.
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option. Overall, our data illustrate that LA-MRSA CC398 in Belgian livestock represents a huge reservoir of resistance determinants, making them potential vehicles for the transfer of these genes to other, more human-adapted S. aureus clones or microorganisms.
Toxin gene profile PVL-encoding genes were not detected. TSST-1 and sec were detected in the mecC-carrying MRSA CC599-ST2508-t9925 strain. The presence of pyrogenic superantigen toxins, which has also been observed in mecC-carrying MRSA ST599 from Germany, 13 is worrisome and warrants further monitoring. Two porcine MRSA CC398-t108-V(5C2&5)c strains from a single farm harboured seb. So far, MRSA CC398 with enterotoxin-encoding genes have been detected at very low frequency in strains originating from Germany (four strains), 3 the Netherlands (two strains) 8 and Denmark (one strain). 29 Curiously, in most strains the presence of seb was reported. The risk for public health imposed by LA-MRSA CC398 has been assessed to be of minor importance as long as its toxin gene content remains low. Therefore, the acquisition and spread of toxin genes, those encoding enterotoxins as well as others, in LA-MRSA CC398 should be carefully monitored.
Conclusions
In conclusion, our unique study design allowed an accurate comparison of the prevalence and diversity of LA-MRSA strains between different production types (pig, veal, dairy, beef, broiler or horticulture farms) and between different hosts (animal versus human). We showed a high prevalence of multiresistant LA-MRSA CC398 in Belgian veal calf farms as compared with in other agricultural production sectors. MRSA carrying mecC were detected at low frequency among carriage isolates in beef and dairy cows, but not in humans on these farms, and thus direct transmission of mecC-carrying MRSA between animals and humans could not be shown.
